Abstract: This paper describes the selective infiltration and storage of picoliter volumes of water and IPA in arrays of sealed SU-8 microwells. Microwells, with a volume of approximately 300 picoliters, are fabricated employing photolithography and a polymer onto polymer lamination method to seal the structures with a thin cover of SU-8 and PDMS in order to suppress the evaporation of the infiltrated liquids. A glass capillary is used to punch through the SU-8/PDMS cover and to infiltrate the liquid of interest into the microwells. The influence of the mixing ratio of the PDMS and its curing agent is studied and the results show that a lower ratio of 2:1 suppresses the evaporation more when compared to the standard mixing ratio of 10:1. In regards to water and IPA, the dwell time in the reservoirs was increased by approximately 50 % and 450 % respectively. Depending on the physical properties of the microwells and the liquids, the SU-8/PDMS cover suppresses the evaporation up to 32 mins for water and 463 mins for IPA, respectively, until the microwell is completely empty again. Additionally, multiple infiltrations of the same microwell are demonstrated using two immiscible liquids IPA and paraffin oil. Based on the popular polymers SU-8 and PDMS, the sealed microwell structures are scalable and combinable with different glass capillaries according to the needs of future analytical research and medical diagnostics.
Introduction
Microfluidic lab-on-a-chip platforms have attracted much interest during the last decade, especially in the fields of biological, chemical and pharmaceutical research as well as in medical diagnostics and drug screening [1] [2] [3] . In most cases, such platforms offer reduced reagent and sample consumption, ultrasmall detection volumes, decreased reaction times, and can be principally portable, low-cost and disposable due to high integration [2] . In particular, array structures of microwells have found to be promising for a wide range of applications, including cell-based studies [4] , protein synthesis [5] and realtime polymerase chain reactions [6] . Nowadays, microwell chips have gained enormous attention in biological and biomedical research, where they are utilized to study the functionality and behavior of a single cell [7, 8] . Microwell structures separate cells or analytes of interest by physical boundaries and hence reduce the risk of cross-contamination between individual microwells, making them highly suitable for quantitative studies and high throughput screening applications. However, a fundamental problem of such structures for handling of liquids, analytes and cells is the uncontrolled and fast evaporation from the individual microwells, which can cause significant changes in volume, concentration, and density [9] [10] [11] . Sub-microliter volumes of liquids such as water or solvents evaporate within a few seconds from open microwells into the surrounding atmosphere [12] [13] [14] . In response to this, rapid analytical procedures are required [15, 16] , in order to avoid the reservoirs drying out resulting in failure of the device [17] . To prevent or suppress evaporation and maintain liquid concentrations, different approaches have been proposed, including sealing of the microwells with a solid cover of glass [5, 13, 18] , Pyrex [19] or Polydimethylsiloxane (PDMS) [13] , running the experiments in a solvent or water-saturated environment [9, [20] [21] [22] or at the dew point [23] , mixing of the liquid with a buffer of glycerol [9, 16, [23] [24] [25] or hyaluronic acid [26] , working with immiscible organic fluid such as heptane [27, 28] , octane [29] , mineral oil [30] [31] [32] or perfluorocarbon liquid [33] , and minimizing evaporation using buffer-saturated agarose gel [34] . In summary, all reported methods can store liquids for a certain amount of time and are therefore suitable for the intended application, bearing in mind that each method has individual drawbacks. The addition of glycerol as a buffer limits the amount of usable bio-reagents [35] , where a liquid cover of mineral oil reduces the ease of access and might be detrimental for subsequent analysis [21, 29] , whereas the use of a volatile and immiscible fluid or a humidity chamber increases the risk of crosscontamination [35] . Furthermore, a humid environment is technically difficult to realize and could lead to performance loss of electronic devices [29] . Solid covers can be exploited to seal microwells permanently, whereby the structures have to be infiltrated with the liquid of interest either before sealing or have to be accessible afterwards. This requires fast and highly automated infiltration systems in order to minimize the continuous evaporation of the liquid before the sample can be sealed. Further, experiments have shown that sealing the microwells using a cover slip cannot completely prevent evaporation [18] . To access microwells for multiple experimental cycles, glass slides can be exploited as a re-closable lid, whereby significant loss of liquid must be accounted for due to the reopening and closing of the microwells which could result in cross-contamination [23] . In this case, it would be favorable to have microwells that prevent or minimize the evaporation of infiltrated analytes and liquids and are additionally easy to access for multiple experimental cycles with different liquids of interest to be infiltrated into the microwell.
In this paper, we report on the selective infiltration and storage of picoliter volumes of deionized (DI) water and isopropanol (IPA) in arrays of sealed microwells. As polymeric materials are nowadays of great popularity in the microfluidic research community due to rapid and flexible processing, we have employed the widely used negative tone epoxy-based photoresist SU-8 and Polydimethylsiloxane elastomer (PDMS) to fabricate our structures. Importantly for biological and biomedical applications, both materials have been proven to be biocompatible [4, [36] [37] [38] . In our work, arrays of SU-8 microwells are covered with a thin layer of SU-8 and PDMS and by punching a glass pipette through the resulting flexible cover, the microwells can be infiltrated with a liquid. After the punching and infiltration process, the glass pipette is pulled out of the microwells. Depending on the physical properties of the microwells and the liquid, the SU-8/PDMS cover suppresses the evaporation up to several hours.
Conceptand experimental setup
Our proposed concept of infiltrating and storing picoliter volumes of liquids into sealed polymer microwells exploits a nanopunching and selective infiltration method using a glass pipette as illustrated in Fig. 1 . The microwells of SU-8 photoresist can be lithographically defined in various feature sizes onto silicon or glass substrates allowing a large flexibility of possible structures. Further advantages of SU-8 are the excellent resistivity to solvents, acids and bases, the low permeability for liquids and gases, and its biocompatibility [38] [39] [40] . In order to provide homogeneous surface properties for a good control of the infiltrated liquids, the microwells are structured using SU-8 photolithography followed by an SU-8 onto SU-8 bonding method to seal the open microwells with a flat and thin layer of SU-8 [41] . Even though the bonded SU-8 layer itself is mechanically stable, the glass pipette used to infiltrate the liquid can occasionally slide and tear the SU-8 layer during the nanopunching process. In order to avoid this uncontrolled behavior and to stabilize the closed microwell against the high pressure applied during the infiltration process, a thin layer of PDMS is spin coated on top. As a result, the bonded SU-8 layer is covered by a soft and flexible PDMS film. After successful fabrication of the structures, the tip of a glass pipette is positioned accurately above a selected microwell ( Fig. 1(a, I) ). The pipette is simultaneously employed to punch into the SU-8/PDMS cover and to inject the liquid of interest into the reservoir. After punching the pipette into the selected microwell, an external pressure is applied to fill the reservoir with the liquid (Fig. 1(a, II) ). Finally, the pipette is removed ( Fig. 1(a, III) ). As indicated in the schematic of the infiltration process, a tiny puncture hole will remain in the SU-8 and PDMS layer. The size of the punched hole as well as the mixing ratio of the applied PDMS layer will strongly influence the dwell time of the infiltrated liquid, since cured PDMS of the standard ratio of PDMS elastomer and its curing agent (10:1) has high gas permeability and shows the ability to absorb liquid [42] . However, employing other materials and techniques that mitigate these problems are often detrimental for cell biology applications and are often no longer biocompatible [3] . The most elegant method to reduce the liquid absorption and gas permeability is to vary the mixing ratio of PDMS elastomer and its curing agent. Excess use of the curing agent results in a more rigid polymer composition that strongly influences the chemical and mechanical properties of PDMS and reduces the liquid absorption and gas permeation [43, 44] . Therefore, the mixing ratios of the PDMS elastomer and its curing agent applied on top of the SU-8 layer in our experiments will be 2:1, 5:1, and 10:1.
The experimental configuration for implementing the nanopunching and selective infiltration concept is schematically shown in Fig. 1(b) and consists of a number of high precision piezoelectric translation stages (Physik Instrumente (PI) GmbH & Co. KG) to move a sample containing the microwells and to control the glass pipette. All stages are controlled by custom software. The software is capable of assigning an X and Y-coordinate to an individual microwell by pattern recognition using a microscope (LEXT OLS4000, Olympus Deutschland GmbH). A specified microwell can then be selected for infiltration using a commercially available glass pipette (Femtotip II, Eppendorf AG) with an outer diameter of 0.7 µm. Once the pipette is semi-automatically positioned close to the surface of the desired microwell, the nanopunching and selective infiltration is carried out as illustrated in Fig. 1(a) . In order to be capable of infiltrating a liquid into a selected reservoir, a pressure supply is employed (FemtoJet 4i, Eppendorf AG). The complete process can be monitored by a tilted telecentric lens combined with a standard camera. 
Materials and methods
The fabrication of the enclosed SU-8 microwells involves standard photolithography and an SU-8 onto SU-8 bonding technique comparable to previously shown methods [41, 45] . Prior to the bonding process, microwells of SU-8 and a PDMS stamp, which is employed to bond an SU-8 layer, are fabricated by standard photolithography and polymer casting. Initially, a 500 nm thick SU-8 bottom layer (diluted SU-8 2050, MicroChem Corp.) is fully processed on a silicon substrate. To define the open microwells a 40 µm thick SU-8 layer (SU-8 2050) is spin coated on top. Subsequently, the sample is soft baked on a hotplate using a slow temperature ramp in order to avoid air inclusions in the photoresist layer. After the sample is cooled down to room temperature, the SU-8 layer is exposed through a photo mask containing the microwell structures using UV radiation. A post exposure bake is carried out and finally the microwells are developed. The PDMS stamp is prepared in reference to [41] . A plasma treatment is performed in order to promote adhesion of the subsequently spin coated 500 nm thick SU-8 layer, followed by the sample being soft baked and flood exposed by UV radiation. Consecutively, the transfer and the bonding of the SU-8 film is carried out as shown in Fig. 2 . Initially, the PDMS stamp is simply placed on top of the microwell structures on a hotplate ( Fig. 2(a) ). Pressure is then applied by placing steel blocks on top of the PDMS (Fig. 2(b) ), where the amount of weight applied is dependent on the stamp geometries. The weight is gradually increased on top of the transparent PDMS stamp until full contact between the SU-8 microwells and the SU-8 film is observed. In order to cross-link and therefore bond the uncured SU-8 layer, a post exposure bake (lamination bake) is carried out. Once the SU-8 is fully cured, the steel blocks can be removed. After cooling down the sample to room temperature, the PDMS stamp can be peeled off and the cured SU-8 film remains bonded on the SU-8 microwells (Fig. 2(c) ). Finally, a thin layer of PDMS is applied by spin coating on top as explained in section 2 ( Fig. 2(d) ). As the viscosity of the three employed PDMS mixing ratios (2:1, 5:1, and 10:1) is slightly different, the spin speed was individually adjusted to achieve a PDMS film thickness of approximately 2 µm. After curing for 2 h at 75°C in an oven, the sealed microwells are finally obtained.
Results and discussion
The fabricated microwell structures are realized by photolithography on top of a 500 nm thick SU-8 bottom layer that was previously spin coated onto a silicon wafer. The structures consist of arrays of SU-8 microwells with a diameter of 100 µm and a height of 40 µm, providing a storage volume for liquids of approximately 300 picoliters. The reservoirs are then enclosed by a 500 nm thick SU-8 layer by SU-8-onto-SU-8 bonding. Finally, a PDMS layer, approximately 2 µm thick, is applied by spin coating as explained in section 3. The bonded SU-8 layer, as well as the SU-8 bottom layer, provides homogeneous surface proper- ties for an infiltrated liquid. Initial tests have shown that a well consisting of the same material is more suitable. As the bonded SU-8 layer is planar and mechanically stable, PDMS can be easily spin coated on top. The combination of a 500 nm thin SU-8 and a PDMS layer, approximately 2 µm thick, creates a flexible cover that can be easily punched through by a glass pipette. When the thickness of the SU-8 layer is above 1 µm, it is likely that the glass pipette breaks during the punching procedure. When the thickness is above 2 µm, it is impossible to punch the cover without destroying the pipette. The thickness of the PDMS layer is not notably critical, but should be in the range of a few micrometers. Fig. 3 presents scanning electron microscope (SEM) images of the different fabrication stages of the microwells after the samples were cleaved. Fig. 3(a) presents a cross-section of the SU-8 bottom layer and several microwells created on top. It can be seen that the fabricated structures show good uniformity in shape and size all over the sample. In Fig. 3(b) the structure is covered by a 500 nm thin layer of SU-8. Fig. 3(c) shows the final microwell structure with an applied PDMS layer. The fabricated covers are planar, which is advantageous for the subsequent nanopunching and infiltration process, as the behavior of each cover and reservoir is practically identical. After the glass pipette is semi-automatically calibrated to the center of the microwells, the actual infiltration begins by moving the tip of the glass pipette close to the cover of a selected microwell as shown in Fig 4(a) . To observe the process, we employ an angled telecentric lens in combination with a standard camera. Subsequently, the pipette is used to punch through the SU-8/PDMS cover by moving the pipette 8-12 µm downwards with a velocity of 100 µm s −1 . If the velocity is too low, the risk of breaking the glass pipette increases. During this procedure, the cover slightly bends as shown in Fig. 4(b) . After the punching process has been carried out, the same pipette injects the liquid of interest into the selected reservoir. Atomic force microscope (AFM) measurements showed that the punched holes are about 4-5 µm in diameter. In order to fill the reservoir, pressure depending on the physical properties of the liquid is gradually applied from an external pump. This process was carried out manually by hand but can be easily automated if the required pressure is classified for a liquid of interest and fixed microwell properties. After successful infiltration, the pressure is reduced to 100 hPa and the pipette is slowly pulled out as shown in Fig. 4(c) . Finally, the applied pressure is switched off (for movie, see supplementary information).
In the following subsections we demonstrate the infiltration of the microwells by first punching through the sealed microwells using a glass pipette and then infiltrating a volume of approximately 300 picoliters of water or IPA. Both liquids are chosen as they are widely used in chemistry and molecular biology as well as in pharmaceutical industry where microwells find a wide range of possible applications. Additionally, they evaporate completely without residues making the data analysis and interpretation easier. Subsequently, after the infiltration process, images of the infiltrated microwells and its receding liquidair meniscus are taken in order to study the evaporation behavior and the total storage time while investigating different PDMS mixing ratios. Furthermore, we demonstrate multiple infiltrations of the same microwell using IPA and paraffin oil in the last subsection. 
Infiltration of DI water
The fabricated sealed microwell structures were infiltrated with DI water (electrical conductivity 0.1 µS cm −1 at 25°C, Millipore DIRECT-Q3 UV, Millipore Corp.) using the procedure explained in section 4. After the infiltration process, evaporation of the water was monitored by an optical microscope in accordance with the receding water-air meniscus. Fig. 5 (a-f) shows a time lapse of a reservoir of the size of 100 µm in diameter and 40 µm of height with a 2:1 mixing ratio PDMS layer on top (for time lapse video, see supplementary information). The temperature and humidity conditions during the experiment were 21°C and 35 % relative humidity (RH). It can be seen in Fig. 5(a) that infiltrating an entire microwell with water without trapped air inclusions is not possible. As explained in section 4, the glass pipette is first punched through the PDMS sealing and then through the SU-8 layer during the infiltration procedure. When the pipette drives through the PDMS layer, PDMS is displaced and then re-seals the area around the glass pipette, making the glass capillary of the pipette the only opening where air can escape. One of the main factors influencing the selective infiltration is the contact angle between the liquid and the SU-8 surface, which depends on the surface tensions of the SU-8 and the liquid as well as their interfacial tension and the surface free energy of the SU-8. Due to the poor wettability of DI water with the SU-8 microwells, it does not initially adhere to the sidewalls of the reservoir and a pressure of up to 6000 hPa is needed for the infiltration. Due to the high pressure, trapped air bubbles are always located at the sidewalls of the reservoirs and cannot escape through the opening of the pipette. Trapped or accumulated air bubbles are a constant problem in microfluidic devices, and several methods have been developed and proposed to overcome the problem [46] . During the evaporation of the infiltrated water, the size of the air bubble and hence the water-air meniscus increases as more water evaporates. After approximately 15 mins (Fig. 5(c) ), almost half of the reservoir is filled with air and, the microwell proceed to fill up with air, leaving the reservoir completely empty after 32 mins (Fig. 5(f) ). Fig. 5(g ) presents the evaluation of the complete experiment with DI water employing three different PDMS top layer mixing ratios (2:1, 5:1, and 10:1). During each experiment, 20 reservoirs have been infiltrated and monitored to meet a standard deviation of 2. As it can be clearly seen, reservoirs that are covered with the standard mixing ratio of 10:1 of PDMS and its curing agent suppress the evaporation only up to 14 mins. When the mixing ratio is lowered to 2:1, the time it took for the water to completely evaporate out of the microwells increases up to 32 mins. The evaporation process itself is affected by many environmental conditions such as temperature, relative humidity, air pressure, diffusion coefficient of vapor in air [47] [48] [49] as well as the microwell geometry making a prediction of the evaporation rate rather difficult. Storing water for a longer period of time can be accomplished by increasing the environmental humidity or saturating the PDMS layer with water [21, 50] . Preliminary tests were carried out to investigate the effect of these factors on the storage time, where the temperature was slightly increased to 23°C and the humidity was increased to 57 % RH. These conditions already showed a positive effect, producing a storage time of up to 67 mins. However, further tests on the detailed effects of the temperature and humidity were not studied in this work. Furthermore, since the infiltrated liquids evaporate from the microwells, this indicates that the structures are suitable for well-established surface modifications, e.g. silane-based chemistry, in order to improve the wettability for the infiltrated liquid. However, these methods have not been studied in this work. 
Infiltration of IPA
To evaluate the sealed reservoirs with a highly volatile liquid, the widely used solvent IPA has been selected. After the microwell structures were infiltrated with IPA (2-Propanol TECHNICAL, VWR International GmbH), the evaporation, in terms of the receding IPA-air meniscus, was monitored by an optical microscope. Fig. 6 (a-f) shows a time lapse of a reservoir of the size of 100 µm in diameter and 40 µm of height with a 2:1 mixing ratio PDMS layer on top (for time lapse video, see supplementary information). The temperature and humidity conditions during the experiment were 21°C and 35 % RH. It can be seen in Fig. 6(a) that the microwell can be completely infiltrated with IPA. In contrast to water, the wettability with the SU-8 sidewalls is higher and consequently a lower pressure of approximately 4000 hPa is needed to infiltrate the microwells. Due to the higher wettability, trapped air is collected in the center of the reservoir and can escape through the glass capillary. Tiny remaining air inclusions escape through the stitched hole when the pipette is removed from the reservoir due to the high internal pressure of the reservoir. This behavior could not be found when water was infiltrated. After approximately 60 mins an IPAair meniscus appears (see Fig. 6(b) ). During the ongoing evaporation, the increasing air bubble moves within the microwell as can be seen in Fig. 6(b-e) . After around 460 mins (Fig. 6(f) ), the reservoir is completely empty again. Fig. 6 (g) presents the evaluation of the complete experiment with IPA employing three different PDMS top layer mixing ratios (2:1, 5:1, and 10:1). During each experiment, 20 reservoirs have been infiltrated and monitored to meet a standard deviation of 2. It can be clearly seen that the same behavior as with the infiltration of water can be observed. When a lower mixing ratio is employed, the time for the IPA to completely evaporate out of the microwells drastically increases, ranging from a maximum storage time of 100 mins for a mixing ratio of 10:1, up to 463 mins for a mixing ratio of 2:1.
Multiple infiltrations of the same microwell
To demonstrate multiple infiltrations of the same microwell, two immiscible liquids IPA and paraffin oil have been chosen due to the fact that paraffin oil does not evaporate, which makes the interpretation of the experiment easier. Multiple infiltration of the same microwell is, for example required for bioreactor or cell culture applications [51, 52] . Initially, a reservoir of the size of 100 µm in diameter and 40 µm of height is fully filled with IPA. Subsequently, paraffin oil is infiltrated through the previously punched hole in the sealing layer using the same pipette. A time lapse of the double infiltration is shown in Fig. 7 (a-f) (for time lapse video, see supplementary information). Fig. 7(a) represents the initial situation with the infiltrated IPA where no trapped air inclusion can be observed. Fig. 7(b) shows the reservoir after the infiltration of the paraffin oil. Between approximately 15 to 20 mins an IPA-air meniscus appears due to the evaporation of the infiltrated IPA (see Fig. 7(c) ). After around 60 mins most of the IPA is evaporated, whereas the infiltrated paraffin oil remains in the microwell and is displaced to the sidewall of the reservoir by the growing air bubble (see Fig. 7(d) ). When the IPA is completely evaporated from the microwell, it can be seen that the remaining paraffin oil adheres to the sidewall of the reservoir (see Fig. 7e )) in comparison to an empty reference reservoir, which has only been infiltrated with IPA (see Fig. 7 (f). 
Conclusions
In this work we have experimentally demonstrated the selective infiltration and storage of picoliter volumes of water and IPA into arrays of sealed SU-8 microwells of 100 µm in diameter and 40 µm in height. The lithographically defined microwells are sealed by a flexible SU-8/PDMS cover by using an SU-8 lamination method and PDMS deposition on top. A glass pipette is exploited to simultaneously punch through the sealed SU-8 microwell and to infiltrate the liquid of interest. After the infiltration process, the glass pipette is pulled out of the microwell, and depending on the physical properties of the microwell and the liquid, the SU-8/PDMS cover suppresses the evaporation up to 32 mins for water and 463 mins for IPA, respectively. The microwells have not been functionalized in this work, however due to the evaporation of the infiltrated liquids, the microwells are suitable for well-established surface modifications, e.g. silane-based chemistry in order to tune the contact angle and hence the wettability of the infiltrated liquid. Furthermore, the influence of the mixing ratio of PDMS and its curing agent was studied and it was found that a lower ratio of 2:1 has a higher efficiency for suppressing the evaporation when compared to the standard mixing ratio of 10:1, where the evaporation time increases up to approximately 50 % for water and 450 % for IPA. Additionally, multiple infiltrations of the same microwell have been demonstrated using two immiscible liquids, IPA and paraffin oil. In contrast to conventional methods of covering microwells, each individual microwell can be addressed separately, making our transparent chip platform suitable for analytical methods involving multiple analytes and liquids to be infiltrated. Furthermore, the presented sealed microwells could contribute to microscale systems for long-term culturing of sensitive cells or tissue engineering which is a challenging task. Future work aims to avoid trapped or accumulated air bubbles, scaling and preparing the fabrication and infiltration procedure for analytical research and medical diagnostics, and investigating different materials to replace the PDMS layer in order to completely re-seal the punched cover and hence increasing the storage time after the infiltration.
